A typical wafer size. This sample has an area of 7 cm x 5 cm. The reflection of the camera is also shown on the wafer surface 10 
SUMMARY OF RESULTS
The following results have been obtained during this reporting period:
• GaAs/GaAsP waveguides have been successfully grown on wafers with maximum dimensions on the order of 7 cm.
•
The GaAsP layer has a surface alloy composition variation to within less than 1%.
• A single-mode GaAs/GaAsP waveguide has an attenuation rate of 2 dB/cm at 10.6 ym. This is the lowest reported to date.
• A GaAs/AlGaAs waveguide has an attenuation rate of 3 dB/.m for TE 0 mode, 5 dB/cm for TEj^ mode at 10.6 ym.
The refractive index of GaAs-, P at 10.6 um has been estimated with a depression An = -0.4X.
• Waveguide work at one micron wavelength (i.e., 1.06 ym and 1.15 um) has been initiated. Light couplings through ige illumination, grating coupler, and prism coupler are successful.
• A thin-film dye laser has been successfully coupled into a glass waveguide through the block coupling mechanism. This demonstrates the feasibilit> to couple in In^a-^As laser at 1.06 um into our GaAs/GaAsP waveguide.
• Two written papers have been accepted for publication: The objectives of the Vapor Phase Epitaxy portion of this program are to grow various GaAs/GaAs, P x and GaAs 1 _ x P x /GaAs/ GaAs P waveguide structures to determine the waveguide properties 1-x x * as functions of film thickness, carrier concentration and alloy composition. Work has been concentrated on GaAs/GaAs 1 _ x P x structures. Some preliminary work has been done to grow GaAs 1 _ x P x / GaAs/GaAs, P structures. Various GaAs film thicknesses are grown for waveguide evaluation at 10.6 ym and 1.06 \im (also 1.15 ym) wavelengths. The need for one-micron integrated optical circuitry arises from the low loss optical fibers at that wavelength. We are capable to do the work simply by growing very thin GaAs films. The carrier concentrations of these GaAs films are determined by the capacitance-voltage measurements and are typically in the mid 10 13 per cm 3 range. The waveguide loss arises from the exponential tail of the guided mode in the film extending into the lossy substrate. We account for the loss in the substrate by expressing the refractive index of the substrate as a complex number: o (1) n 0 = n 0 " lK e = ' joe, Where e is the relative dielectric constant of the substrate at r the optical frequency, e^ is the permittivity of free space, o is the conductivity of the substrate at the optical frequency, and to is the angular frequency of the radiation. The propagation constant of the guided wave in this structure then becomes complex which results in an attenuation constant of the wave in the waveguide. One expects the effect of loss in the phase constant to be of second order. We assert that the presence of the free carriers in the substrate
attenuates the waveguide mode without perturbing its propagation constant 3. The wave velocity of a guided mode varies with small increment in n 0 for TE waves as 1.
where Kan,
where W is the film thickness, 3 is the propagation constant and K is the free space wave number.
Since we have expressed the substrate refractive index as complex n n = n. + An,, = n« -IK . u u u u e which then leads to the complex propagation constant ^ = 3 + A£ = 3-13' by Equation (2) We define the waveguide modes as the modes guided by the GaAs film.
There are also composite waveguide modes since both GaAs and GaAsP layers are grown on a low index substrate of n + GaAs. However, these composite waveguide modes have higher loss and are of no interest in device consideration. For a single mode waveguide, an attenuation rate of 2 dB/cm has been obtained. For a two-mode waveguide, an attenuation rate as lou as 1.5 dB/cm for the fundamental mode has been obtained. It is our understanding that we have the lowest loss in a single mode waveguide at 10.6pm wavelength.
Also shown in Figure 4 is the theoretical curve of loss. Equation for the corresponding carrier concentrations in n-type gallium arsenide single crystals. The experimental points in Figure 4 lie above the theoretical curves. This can be understood since we have not included the film surface scattering loss and the film bulk loss in our theoretical calculation. Waveguides with loss less than 1 dB/cm can be fabricated by increasing the GaAs film thickness. For a 22-ym waveguide, the loss for the fundamental mode is so small that it is immeasureable. Because of the inaccuracy in our measurement, we are only able to say that the loss is less than 1 dB/cm. However, a multi-mode waveguide is undesirable from the device consideration. 
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One way to reduce the waveguide attenuation, loss is to reduce the free carrier concentration in the GaAsP layers. 2 1 a 0 ' n 2 ) l/2 ] (4) = -? T~T7T l m + tan (-? 2 K(n 1 -n 0 ) ' n 1 -n 0 where m is the mode order, K the free space wave number, n, = 5.27
Two-dimensional Waveguide Evaluation
for GaAs film, n2 = 1.0 for air, and n Q is the unknown. Figure 5 is a plot of W ; vs. n n by evaluating Equation (4). The waveguide in in u thickness is conveniently measured microscopically. Several waveguides are used to excite the guided modes. Experimentally, a 7-yin thick waveguide supports only one guided mode, and Figure 5 indicates n,, should be larger than 5.10. An S-ym tnick waveguide in in ■^■--■---■--■■-'■''""-'"iriiriiniliMWiimiilitomnM^ mmm/mmin-^w jjm^wpwww«» uw -p,vTO»^wfl(MUP4ii»pip,.mi» wiiw» 1 -"'-■ rMvimmm*mtmMiß.mM.m u w.wwp.iipiiPipPipii "■■•■ supports two guided modes, and Figure 5 indicates n 0 should be smaller than 3.14. Now, we roughly know 3.10 < n 0 < 3.14 with the understanding that there is also error in film thickness measurement. We simply take the mean for n, A . = 3 12 and X = 0.35 from the photoluminescence measurement. If we assume a linear depression An of the refractive index of GaAs, P from 1-x x n GaAs = 5 -27 as a unction of phosphorus content X, we obtiin ^n = -0.44X at A = 10.6 ym (5)
The refractive index of GaAs^ has been calculated 5 based on the published 6 infrared reflectivity spectrum of GaAs, P 1-x x' Figu-e 6 shows the calculated dispersion curves of GaAs, GaAs 0.65 P ü.35 and GaP -At x = 10-6 ym, the refractive index of GaAs l-x P x as a unction of X is shown in Figure 7 . We obtain a linear approximation for GaAs., P as 1-x x An = -0.42X at X = lü.6 um (6)
Our rough estimate of Equation (S) agrees reasonably well with Equation (6). A more detailed experimental measurement is under way to determine the refractive index of GaAs., P at A = 10.6 ym.
3.3 1.06 ym Wavelength
Waveguide Mode Excitation
The evaluation of the waveguide at A = 1.06 ym (also at A = 1.15 ym) ha., been initiated. Excitation of the waveguide modes has been achieved by several means. The GaAs/GaAsP waveguide structures shown in Figure 1 are used in this study. As the optical wavelength is decreased 10 times from 10.6 ym to 1.06 ym. the film thickness required is also decreased, accordingly. We are essentially 18 -----■■ ---..,^±*****J*iJlJm*S******^:
. . .. This offers a convenient way to determine the propagation constants of each mode in the waveguide, which supply enough information to calculate the refractive indices of the waveguide structure.
Luii^MUi^imiiBuw
Our initial results give a reliable index data up to second decimal point. Improvements are needed to get better accuracy.
A prism film coupler is not readily available for GaAs waveguide at 1.06 ym wavelength. The reason is that GaAs has such high index. Ho A =3.48. We have not been able to find a material higher in index, but also transparent at 1.06 ym. We have fabricated a GaAs prism. It has a carrier concentration of 7 x 10 cm , 14 -3 while the GaAs film is in the range of 10 cm . The index variation caused by the free carrier concentration at the levels of 3 our prism and film is negligible at 1.06 ym. We assume equal index for our prism and film. The prism is fabricated with a base angle Guiding of 1.06 \xm radiation in GaAs/GaAsP waveguide has been observed. No quantitative attenuation measurement has been made yet, but qualitatively, the results appear encouraging. With the success of the GaAs prism coupler, we are in the process to measure the attenuation, at least of the higher order modes.
Thin-film Laser Coupling Into a Passive Waveguide
This project is not supported by this contract. We have included this in the report because of its relevant importance in our one micron work.
A practical integrated optical circuit requires a thin-film laser source coupled to a waveguide for modulation or switching.
The interconnection has been suggested in the form of a block 7 coupler . It is essentially a thin-film laser scarce put face to face to a waveguide. Light coupling occurs thresh the evanescent field in the air gap. We have demonstrated the feasibility of this approach by using a thin-film dye laser. A rhodamine 6G doped 
Waveguide Evaluation
Evaluate new GaAs/GaAsP waveguides at X = 10.6 urn.
Evaluate new GaAsP/GaAs/GaAsP waveguides at X = 10.6 ym.
Evaluate proton implanted GaAs/n + GaAs waveguides in collaboration with AFCRL.
Evaluate neutron irradiated and gamma irradiated GaAs/n GaAs and GaAs/GaAsP waveguides in collaboration with Harry Diamond Laboratory.
Fabricate and evaluate electro-optic modulator with GaAs/GaAsP waveguide.
Fabricate and evaluate electro-optic modulaLor with GaAsP/GaAs/GaAsP waveguides.
Measure the refractive index of GaAs, P. at 10.6 pm.
Fabricate and evaluate a p-n jurction in GaAsP/GaAs/GaAsP waveguides.
Fabricate and evaluate two-dimensional GaAs/GaAsP and GaAsP/GaAs/GaAsP waveguides at 10.6 ym.
Evaluate GaAs/GaAsP waveguides at A = 1.06 ym and X = 1.15 ym, Fabricate grating couplers on GaAs/GaAsP waveguides for A = 1.06 ym and A = 1.15 ym.
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